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April 2013 • Volume 41 • Number 4 C ritically ill patients frequently acquire an acute alteration of mental status, which may be caused by nonconvulsive seizures or status epilepticus (SE). Continuous electroencephalography (cEEG) offers the possibility to evaluate the causes of delirium and coma and can detect epileptic activity in patients with a range of critical neurologic and nonneurologic illnesses. Focal electroencephalographic slowing may indicate ischemia, while global slowing suggests encephalopathy; loss of electroencephalographic variability and reactivity may indicate severe neuronal injury and poor prognosis.
Increasing use of cEEG reveals clinically undetected epileptiform activity in 10% to 67% of critically ill patients (1-7) and results in higher detection rates than routine electroencephalography because of the intermittent nature of occult seizures. Table 1 presents the occurrence rates of seizures and SE in different critical illnesses. Using cEEG recording, 56% of seizures are detected in the first hour, and 88% in the first 24 hrs (2) (Fig. 1) . A delay in diagnosis of nonconvulsive status epilepticus (NCSE) and prolonged seizure duration have been independently associated with increased mortality (8) . cEEG seizure detection and treatment have been associated with improved outcome (8) .
While studies have been realized in adults (9) , large-scale prospective studies are lacking in pediatric patients (10) .
ELECTROENCEPHALOGRAPHY AND THE DECISION TO TREAT
cEEG is routinely used in the management of refractory SE or raised intracranial pressure. Anesthetic agents can be titrated Objective: Continuous electroencephalography as a bedside monitor of cerebral activity has been used in a range of critically ill patients. This review compiles the indications, limitations, and strategies for continuous electroencephalography in the ICU. Data Source: The authors searched the electronic MEDLINE database. Study Selection and Data Extraction: References from articles of special interest were selected. Data Synthesis and Conclusion: Electroencephalographically-defined suppression is routinely used as the basis for titration of pharmacologic therapy in refractory status epilepticus and intracranial hypertension. The increasing use of continuous electroencephalography reveals a clinically underappreciated burden of epileptiform and epileptic activity in patients with primary acute neurologic disorders, and also in critically ill patients with acquired encephalopathy. Status epilepticus is reported with continuous electroencephalography in 1% to 10% of patients with ischemic stroke, 8% to 14% with traumatic brain injury, 10% to 14% with subarachnoid hemorrhage, 1% to 21% with intracerebral hemorrhage, and 30% of patients following cardiorespiratory arrest. These figures underscore the importance of continuous electroencephalography in the critically ill. [1] [2] [3] [4] ; Robert D. Stevens, MD [1] [2] [3] [4] [5] ; Peter W. Kaplan, MBBS, FRCP 2, 4 to achieve seizure suppression or to manage elevated intracranial pressure via electroencephalographic burst suppression. While these are common practices in the ICU, the optimal electroencephalographic endpoint and the duration of such suppression have not been determined.
The need to identify electroencephalographic patterns warranting treatment is based on the assumption that certain types of sustained ictal activity damage the brain. Animal models demonstrating ictal damage (11) are flawed because the models imperfectly represent human brain function, and the lesions inducing seizures and SE may themselves produce deficits. The main challenge is distinguishing the effects of initial brain insult from possible consequences of subsequent ictal activity (12) . In patients with brain trauma or with intracerebral hemorrhage (ICH), NCSE or seizures increase the risk of death. In other settings, the effect of seizures or SE is less well established (Fig. 2) . One study found a 3% mortality after NCSE in epilepsy patients who had subtherapeutic antiepileptic drug (AED) levels, while those patients in NCSE from secondary causes had a much higher mortality (27%), suggesting that it is the underlying disorder rather than the seizures which drive mortality (13) . The problem is similar when nonconvulsive seizures (NCSz) follow convulsive seizures (subtle SE). Studies of convulsive status epilepticus (CSE) indicate that early treatment improves outcome (14-17), but there is limited evidence supporting extrapolation to NCSE. Studies of NCSE in comatose ICU patients after cardiorespiratory arrest (CRA) consistently indicate that outcomes depend primarily on the severity of anoxic brain damage, far more than any effect attributable to superimposed seizure activity (Fig. 2) .
ELECTROENCEPHALOGRAPHIC PATTERNS AND THE CHALLENGES THEY PRESENT IN ICU MANAGEMENT Artifacts
Acquisition and interpretation of the ICU electroencephalography are compromised (18, 19) by a number of factors including wounds or bandages that limit electroencephalography electrode placement, as well as sweating, muscle activity, and movements commonly seen in delirious or agitated patients. Electrical interference may occur from mechanical ventilators, machines for renal replacement therapy, neuromonitoring apparatus, pumps, and electronic beds. Routine 20-to 30-min electroencephalography should be reviewed for artifacts before considering cEEG, and efforts should be made to produce artifact-free recordings.
Periodic Discharges and Triphasic Waves
Periodic discharges (PDs) including (pseudo)periodic lateralized epileptiform discharges (PLEDs) (Fig. 3A) (20), bilateral independent pseudoperiodic lateralized discharges (21), generalized periodic epileptiform dis charges (Fig. 3B) subcortical excitability, while others see them as seizures (26). There is increasing recognition that PDs lie along an "ictal-interictal" continuum (27). Given the common perception that seizures cause or worsen brain damage, AEDs are frequently titrated to try and suppress PDs regardless of the clinical setting (25, 28). TWs may be mistaken for ictal patterns (Fig. 4A) , especially when asymmetric (Fig. 4B) . A definition and characteristics of TWs are shown in Table 2 . The origins of TWs and their evolution are poorly understood. Unlike NCSE, TWs generally increase with arousal or noxious stimuli (although some may paradoxically decrease). TWs resolve following administration of benzodiazepines, typically without associated clinical improvement (29, 30).
Pitfalls in Electroencephalographic Interpretation
Despite precise criteria defining electroencephalographic elements and patterns (Table 2) , misinterpretation is a frequent and challenging issue (31). There are no clear estimates on the incidence of incorrect cEEG interpretation (31). It is critical that the cEEG reader is familiar with criteria for distinguishing relevant epileptic discharges from sharply contoured waves and benign variants. Interictal epileptiform discharges and misinterpreted waveforms may lead to erroneous diagnosis and inappropriate treatment (32, 33).
INDICATIONS, DIAGNOSTIC YIELD, AND PROGNOSTIC VALUE OF cEEG ICU Patients With Primary Nonneurologic Illness
In ICU patients with primary nonneurologic illness, cEEG is commonly used to investigate an unexplained alteration in mental status. In these patients, cEEG can detect patterns consistent with encephalopathy or seizures. Clinical signs of NCSz may be absent or subtle (limb twitching, eye deviation, and nystagmus). Furthermore, cEEG may be valuable in patients with drug overdose (e.g., cefepime, baclofen, and tricyclics) or withdrawal from benzodiazepines, opiates, alcohol, or AEDs, as these may lower seizure threshold.
Patients in ICUs with encephalopathy and sepsis may have seizures or PDs, which have been associated with adverse shortterm outcome (5). Reports describe NCSE or seizures in 27% of ICU patients with altered mental status (34) and in 8% of comatose patients without previous seizures or epilepsy (35) . Electrographic abnormalities are associated with severity of brain dysfunction in the setting of septic encephalopathy and correlate with other organ dysfunction (36). With mild encephalopathy, electroencephalography usually shows mild diffuse slowing (theta activity of 4-8 Hz), followed by diffuse and marked slowing (delta waves of < 4 Hz), and finally suppression or generalized burst-suppression patterns. There is a trend toward negative correlation between the spectral electroencephalography analysis and the severity of the acute systemic illness (36-38). TWs in patients with hepatic encephalopathy are associated with adverse prognosis. However, the confounding effects of concurrent exposure to sedation have not been sufficiently addressed. Also, the cost-effectiveness of cEEG monitoring in the general ICU population needs to be determined.
Coma
Among ICU patients older than 65 years, up to 30% are comatose at admission and nearly 10% develop coma during critical care (39). Epileptiform discharges or PDs are frequently seen in comatose patients (18, 40). Improved consciousness after administration of AEDs is usually presumed to be due to resolution of seizures; however, nonepileptic phenomena such as TWs in metabolic coma also typically regress with IV benzodiazepines but notably without clinical improvement (29). Following CRA, epileptiform activity largely represents an epiphenomenon rather than the cause of coma (12) . Usually, interictal background activity and reactivity are lost (41). The prognostic value of electroencephalography in comatose patients depends on the clinical context ( Table 3) . One study found that mortality of comatose critically ill patients strongly correlated with age older than 65 years, anoxic-ischemic etiology, electroencephalographic suppression, and lack of electroencephalographic reactivity (42).
Status Epilepticus
In the United States, the incidence of SE is 102,000-152,000 cases/year (43). SE usually arises as a complication of an underlying neurologic or nonneurologic illness and is less commonly the reason for ICU admission. In patients with epilepsy, SE may arise from an epileptic syndrome and be provoked by changes in AED dosing or by interactions that lower AED levels. In patients without epilepsy, SE usually occurs in the context of different critical illnesses (discussed below) ( Table 1) .
NCSE is associated with subtle clinical signs that are often missed (44-47); hence, electroencephalography is the cornerstone of diagnosis. In tertiary care centers, almost 50% of ICU patients with SE had NCSz activity (48) and the detection rate of NCSE increased (with 82% of all SE being NCSE) when cEEG was implemented (7). The prognosis of SE is mainly determined by the underlying etiology, the SE type, and treatment delay and intensity. Delay in NCSE diagnosis and prolonged seizure duration were independently associated with increased mortality in head trauma and stroke (8) .
Ischemic Stroke
Seizures are observed in 5.4% of patients with acute ischemic stroke (49), whereas poststroke epilepsy is seen in 15% (50, 51). Hence, NCSz or NCSE should be considered in all stroke patients with sudden and unexplained change in consciousness and behavior. A study of cryptogenic epilepsy in patients older than 60 years old found seizures to be the initial manifestation of a cerebral infarction in more than 20% of patients (52, 53). In two thirds, early seizures emerge within 24 hours after stroke (54, 55) , and patients with early poststroke seizures have fiveto eight-fold greater risk of late seizures (55, 56) . Independent risk factors for postischemic epilepsy include acute seizures, large strokes, and cortical signs. Of note, late-onset seizures may increase the risk for subsequent stroke (57) .
The incidence of SE following stroke is reported up to 9% in a mean follow-up period of 3.7 years (58). NCSE accounts for up to 85% of early postischemic seizures and 50% of lateonset seizures (59) . SE occurring in the first 7 days after stroke is associated with a higher mortality rate than late SE (58) . Besides the severity of ischemic stroke, the synergistic effect of combined injuries from SE and cerebral ischemia may underlie increased mortality (60) . PLEDs are common electroencephalographic abnormalities in the acute phase of severe cerebral ischemia (61) and were found more frequently in patients with cortical vs. subcortical infarction (49). cEEG in stroke patients revealed epileptiform activity in 17% and seizures in 2% (62). It is not established that PLEDs contribute to brain damage. There are insufficient data on the prognostic value of cEEG in stroke. One study reported greater 1-year mortality in patients with poststroke seizures than in patients without (51). Poststroke seizures are associated with lower 30-day and 1-year sur vival, suggesting a need for additional studies of the role of cEEG shortly after stroke onset (63) .
Subarachnoid Hemorrhage
Seizures occur in 4% to 16% of patients with aneurysmal subarachnoid hemorrhage (SAH) and are more frequent in patients with severe neurologic insults (64-68) ; however, the role of routine seizure prophylaxis is con troversial. Pooled data from 3,552 SAH patients in four random ized trials suggest that AEDs for seizure prophylaxis are associ ated with significantly worse outcome (69) . A large, retrospective cEEG database series noted an almost 20% incidence of seizures in SAH and identified depth of unconsciousness and young age as predictors of NCSE (2). When SE persisted beyond the fifth day after SAH, prognosis was poor with a mortality of 100% (70) . This study supports a practice of intensive monitoring for and treatment of SAH-related seizures. However, no prospective, con trolled, or randomized treatment study has yet been done. cEEG provides independent prognostic information in patients with poorgrade SAH, even after controlling for clinical and radiologi cal findings (64) . Findings associated with poor outcome include PDs, SE, and the absence of sleep architecture (70).
Intracerebral Hemorrhage
The reported incidence of seizures in patients with ICH is 10% to 30% (51, [71] [72] [73] [74] , while that of SE lies between 1% and 21% (74) (75) (76) . Factors associated with seizures include size and expansion of ICH, lobar and cortical hemorrhages (77, 78) , nonoccipital location (71, 77, 79) , hydrocephalus, midline-shift, and severe neurological deficits (51, 80). Although patients with seizures may have increased mortality, seizures did not independently predict outcome (51, 53, 73) . In 562 patients, there was a 17% incidence of seizures within 7 days of ICH, Tentative grading of importance of continuous electroencephalography:+ = minor importance; ++ = moderate importance; +++ = strong importance.
with little adverse effect on functional outcome (78) . Two groups have reported cEEG find ings in patients with ICH with incidences of 18% (79) and 28% (77) . The role of AED therapy in ICH remains uncertain: a recent report found an independent association between prophylactic or therapeutic use of phenytoin and adverse 3-month outcome (81) . A recent evidence-based guideline from the American Heart As sociation recommended against the routine use of prophylactic AEDs in the management of ICH (82); this same document stated that cEEG "is probably indicated in ICH patients with depressed mental status out of proportion to the degree of brain injury." Seizures complicating ICH have been associated with expanding hemorrhages and PDs, and in this setting are linked to poor out come (79) . Further studies are warranted to determine the effect of early and intensive suppression of PDs and seizure activity on outcome.
Traumatic Brain Injury Traumatic brain injury (TBI) is associated with seizures in 12%
to 22% of patients with blunt trauma and in 35% to 50% with penetrating head injuries (83) . In a prospective multicenter evalu ation, bilateral parietal contusions and dural penetration by bone fragments were the most significant risk factors for lateonset seizures (84) . Other studies have shown that parenchymal contusions, blood in any intracranial compartment, and alcohol abuse are further risk factors (85) (86) (87) (88) . cEEG suggests a 10% occurrence of NCSz, similar to that of convulsive seizures (4). In a study of 70 patients, cEEG revealed seizures in more than 30% of patients in the first 74 hours after trauma (89); PLEDs were seen in 11%, always accompanied by other electroencephalographic changes, such as spikes and high frequency sharp-wave patterns (89) . In 94 patients with moderate-to-severe TBI who underwent cEEG monitoring, convulsive seizures and NCSz occurred in 21, and SE was associ ated with 100% mortality (4). Studies have suggested that NCSz cause cerebral damage following TBI (90) . In six patients (four with NCSE), Vespa et al (91) found hippocampal atrophy on se rial magnetic resonance imaging scans, with atrophy most marked ipsilateral to the seizures (91) . Thus, TBI is linked to a high risk of epileptiform activity and the potential for exacerbated tissue dam age from SE. Seizures following TBI are associated with increases of intracranial pressure (90) and poor outcome (85, 92) and need to be aggressively treated (90) . Further research is needed to deter mine if early and intensive suppression of seizure activity or PDs may improve outcome after TBI. Current guidelines recommend 7 days of prophylactic AED administration following moderate or severe TBI (93) .
Anoxic-Ischemic Brain Injury
A common indication for cEEG in ICUs is the treatment and prognostication of patients with anoxic-ischemic encephalopathy following CRA (2, 7, 41, 94-97). In unconscious survivors of CRA, seizures are detected in 5% to 40% although they are not believed to be the principal cause of coma nor the driver of outcome (98) (99) (100) (101) . One third of patients have epileptiform electroencephalography patterns during mild therapeutic hypothermia or in later stages (102) (103) (104) (105) . Rhythmic continuous spikes without evolution and on a flat background commonly occur with anoxic encephalopathy, but should not be considered SE. Other patterns, including burst suppression or TWs, may also occur during therapeutic hypothermia (106) . Besides preserved brainstem reflexes and cortical N20 responses on somatosensory evoked potentials, the presence of electroencephalography background reactivity to noxious stimulation was significantly associated with good outcome (95) . Seizures and malignant electrographic patterns such as burst-suppression, nonre active, or flat-line electroencephalography predict poor outcome (41, 107, 108) . Patients with these markers for unfavorable outcome and seizures or SE after CRA might benefit from rapid, aggressive antiseizure therapy. The accuracy of prognostication based on early electroencephalography is significantly reduced in patients who have mild therapeutic hypothermia (109) (110) (111) .
CONCLUSIONS
cEEG is increasingly seen as an essential bedside neurophysiologic tool to identify and treat brain dysfunction, seizures, and SE in critically ill patients. SE is observed in 1% to 10% of patients with stroke (58, 112) , in 8% to 14% with TBI (113, 114) , in 1% to 21% with ICH (74) (75) (76) , in 10% to 14% with SAH (64, 114) , and in 30% of patients after CRA (41). Refractory CSE is generally managed aggressively, but the outcome benefit of AED/anesthetic therapy management in patients with PDs or NCSE is still under investigation. Prospective multicenter trials and comparative effective studies are needed using standardized cEEG nomenclature and criteria along with narrower clinical etiologies of NCSE, for example, due to infection, trauma, stroke, anoxia, or epilepsy as separate causes. Such criteria are already available (115, 116) 
